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Edited by Michael R. SussmanAbstract The cyanide-resistant alternative oxidase (AOX) is a
homodimeric protein whose activity can be regulated by the oxi-
dation/reduction state and by a-keto acids. To further clarify the
role of AOX in the skunk cabbage, Symplocarpus renifolius, we
have performed expression and functional analyses of the encod-
ing gene. Among the various tissues in the skunk cabbage,
SrAOX transcripts were found to be speciﬁcally expressed in
the thermogenic spadix. Moreover, our data demonstrate that
the SrAOX protein exists as a non-covalently associated dimer
in the thermogenic spadix, and is more sensitive to pyruvate than
to other carboxylic acids. Our results suggest that the pyruvate-
mediated modiﬁcation of SrAOX activity plays a signiﬁcant role
in thermoregulation in the skunk cabbage.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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The skunk cabbage is a homeothermic plant that ﬂowers in
early spring and maintains its spadix temperature at around
20 C for about a week even when the ambient temperature
drops below freezing [1–4]. It has been shown that the mecha-
nism underlying this temperature regulation resides in the spa-
dix tissue alone, and not in the spathe, leaves or spadix stalk
[3]. When the ambient temperature decreases, the spadix will
normally lose heat and its temperature will thus begin to de-
crease. However, through some undetermined biochemical
mechanism, a small drop in the temperature of the skunk cab-
bage spadices results in an increase in their respiration rate,
rather than the expected decrease [1,2,4].
Heat production in thermogenic plants has been attributed
to a large increase in their alternative oxidase (AOX) activity
[5–11]. AOX acts as an alternative terminal oxidase in the elec-Abbreviations: AOX, alternative oxidase; BSA, bovine serum albumin;
PVPP, polyvinylpolypyrrolidone; DTT, dithiothreitol; DMSO, di-
methyl sulfoxide; IO-SMP, inside-out submitochondrial particles
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ever, in contrast to the mitochondrial terminal oxidase,
cytochrome c oxidase, AOX does not pump protons, and this
allows the dramatic drop in free energy between ubiquinol and
oxygen to be dissipated as heat. Plant AOX activity is highly
regulated not only through transcriptional control [12], but
also by two post-translational mechanisms. In the ﬁrst of
these, the reduction state of the AOX protein (i.e. whether
the protein exists as an inactive oxidized dimer or reduced ac-
tive dimer) regulates its activity [13,14]. In the second mecha-
nism, some a-keto acids further stimulate the activity of the
reduced AOX protein [15–17]. However, although a partial
puriﬁcation of the cyanide-resistant alternative oxidase from
thermogenic skunk cabbage has been achieved [6], no informa-
tion is yet available concerning the reduction state and eﬀects
of a-keto acids on the activities of AOX protein.
It has been shown that the homeothermic skunk cabbage spe-
cies that is indigenous to Japan is Symplocarpus renifolius [18],
and we have therefore isolated a novel AOX gene from this spe-
cies (SrAOX) and found that it is speciﬁcally expressed in the
thermogenic spadix of this plant. Interestingly, among a variety
of organic acids that we tested, including some a-keto acids,
only pyruvate was found to stimulate SrAOX, which was also
found to exist as a non-covalently associated dimer in vivo.2. Materials and methods
2.1. Plant materials
S. renifolius plants were collected from ﬁelds situated within the
Iwate University campus (3943 0N, 14108 0E), the Shizukuishi factory
of Taishi Food Inc. (3945 0N, 14100 0E), from Hakuba in the Nagano
prefecture (3639 0N, 13750 0E) and also from Omori, Akita prefecture
(3919 0N, 14120 0E), Japan, during the period between March and
April from 2000 to 2007.2.2. Isolation of the full-length SrAOX cDNA and sequence analysis
For the isolation of SrAOX cDNA by RT-PCR, total RNA was ﬁrst
extracted from ﬂash-frozen, pulverized thermogenic spadices accord-
ing to our previously reported method [19,20]. Oligo (dT)-primed
ﬁrst-strand cDNAs were prepared from 1 lg samples of total RNA
using the Advantage RT-for-PCR Kit (Clontech Laboratories Inc.,
Palo Alto, CA, USA). First-strand cDNA was then used to generate
partial SrAOX cDNAs by PCR ampliﬁcation. Primers were
designed based on conserved cDNA sequences between the AOXs in
thermogenic plants (SgAOX [21] and DvAOX [22]) that cover the di-
iron binding motifs as follows: Sgaox_F0 (22 mer) 5 0-AAA GAGblished by Elsevier B.V. All rights reserved.
Table 1
Respiration rates of mitochondria isolated from stigma stage of
thermogenic spadices of the skunk cabbage
Sequential additions O2 uptake
nmol O2 min
1 mg1 protein
NADH 532.7 ± 34.5
+ADP 650.1 ± 37.9
+KCN 494.6 ± 25.8
+n-Propyl gallate 8.6 ± 1.1
Rates of O2 uptake were determined using an O2 electrode cuvette after
Y. Onda et al. / FEBS Letters 581 (2007) 5852–5858 5853GAC GGC TCC GAG TGG C-3 0, and Sgaox_R1 (22 mer) 5 0-ATC
AGT GGT ACC CGA GCG GCG C-3 0.
The 5 0 and 3 0 ends of the SrAOX cDNA regions were generated
using the SMART RACE cDNA Ampliﬁcation Kit (Clontech Labora-
tories Inc., Palo Alto, CA, USA) with the primers 5 0-ATA AGT GGT
ACC CGA GCG GCG C-3 0 (Sraox50gsp1 (22 mer)), 5 0-CGA GGC
GAA GTG GTT GAC-3 0 (Sraox50gsp2 (18 mer)), and 5 0-CTC CTG
GAG GAG GCC GAG CCC G-30(Sraox30gsp1 (22 mer)). To obtain
the full length SrAOX cDNA, additional PCR ampliﬁcations were per-
formed using the primers Sraox_full_F0 (20 mer) 5 0-TTC TTG TGG
ATT TCT CCC GG-3 0, and Sraox_full_R1 (24 mer) 5 0-CGA TTG
CTC TTT TAT CTC CTC CTC-3 0. PCR products of 1.2 kb were ob-
tained and were then gel puriﬁed and subcloned into the pBluescript II
KS+ vector (Toyobo Inc., Tokyo, Japan). The resulting plasmid,
pSraox1-1, carrying the full length SrAOX cDNA, was sequenced on
both strands with the BigDye Terminator Cycle Sequencing Kit (Ap-
plied Biosystems Inc., Foster City, CA, USA) and an automated
DNA sequencer (ABI3700, Applied Biosystems, Foster City, CA,
USA). These sequence data were then analyzed using GENETYX soft-
ware (Software Development Inc., Tokyo, Japan).
To amplify SrAOX-related cDNAs using total RNAs prepared from
thermogenic spadices, 3 0-RACE was performed using the SMART
RACE cDNA ampliﬁcation kit and with primers that were designed
based on the highly conserved sequences among plant AOXs. These in-
cluded Sraox _F3.5 for the putative iron-binding motif located more
proximally to the N-terminus of the SrAOX protein, and Sraox_F1,
Sraox F2, and Sraox F3 for the more upstream regions of Sraox
_F3.5. The sequences are as follows: Sraox_F3.5 (25 mer) 5 0-GAA
CGA GAG GAT GCA CCT GAT GAC C-3 0, Sraox_F1 (22 mer)
5 0-ATG TCT TCT TCC AGA GGC GGT A-3 0, Sraox F2 (23 mer)
5 0-ACG TAC GAG GCG GAC CTG TCG AT-3 0, and Sraox F3
(23 mer) 5 0-ATG GTG GGC GGG CTG CTC CTC CA-3 0.
2.3. Northern blot analysis
Total RNA was isolated from the leaves, spathes, spadices, and
roots of Symplocarpus plants as described above. Five micrograms of
each RNA sample was then fractionated on a 1.0% agarose gel, trans-
ferred to a Hybond N+ membrane (Amersham Biosciences Inc., Piscat-
away, NJ, USA), and hybridized with a full-length SrAOX cDNA
probe. Bands were visualized using the AlkPhos Direct Labeling and
Detection System (Amersham Biosciences Inc., Piscataway, NJ,
USA) according to the manufacturers instructions.
2.4. Isolation of mitochondria
Mitochondria were isolated from the thermogenic ﬂorets of skunk
cabbages as described previously [23] with minor modiﬁcations.
Brieﬂy, ﬂorets (3–4 g fresh weight) were diced and suspended in
20 mL of ice-cold ‘‘grinding buﬀer’’ (0.4 M mannitol, 25 mM MOPS/
KOH, 2 mM EDTA, 10 mM KH2PO4, 1% PVP-40, 20 mM ascorbic
acid, 4 mM cysteine, 2 mM pyruvate, 1% (w/v) defatted bovine serum
albumin (BSA), 2% (w/v) polyvinylpolypyrrolidone (PVPP), pH 7.2).
These thermogenic ﬂoret preparations were then homogenized and ﬁl-
tered through eight layers of Miracloth (Calbiochem Inc., Darmstadt,
Germany). Mitochondria were enriched using a three-step centrifuga-
tion process: once at 1000 · g for 10 min (organelles in supernatant)
and twice at 10000 · g for 20 min (organelles in pellet). The mitochon-
drial fraction was resuspended in 2 mL of ‘‘washing buﬀer’’ (0.4 M
mannitol, 10 mM MOPS/KOH, 2 mM pyruvate, and 0.1% [w/v]
BSA, pH 7.2) and layered on the top of three-step Percoll gradients
(two gradients of 36 mL each) containing 5 mL of 60% [v/v], 15 mL
of 45% [v/v] and 15 mL of 27% [v/v] Percoll in 0.25 M sucrose,
10 mM HEPES/KOH, 2 mM pyruvate 0.2% [w/v] BSA, pH 7.2). After
centrifugation for 60 min at 20000 · g the mitochondria were isolated
from the 27%/45% interface. To remove the Percoll, the puriﬁed mito-
chondria were centrifuged twice in washing buﬀer for 10 min at
10000 · g. The protein concentrations were measured with the dye-
binding method of Bradford [24] using BSA as a standard. The yield
of a typical preparation was about 0.8 mg of mitochondrial protein
per 3 g of thermogenic ﬂorets.sequential addition of the indicated compounds at the following ﬁnal
concentrations: 1 mM NADH, 0.5 mM ADP, 0.5 mM KCN, and
100 lM n-propyl gallate. The data are the mean ± S.D. of three mea-
surements using mitochondria from the same preparation. Typical
results are shown, representing three independent mitochondrial
preparations.2.5. Western blotting of SrAOX
Western blotting analysis of SrAOX was performed by equal
loading of the samples onto 12.5% acrylamide gels and transfer onto
polyvinylidene diﬂuoride membranes. Prestained protein standards(11–170 kDa; Fermentas, Burlington, Canada) were used for molecu-
lar mass estimation. The ﬁlters were incubated for 1 h at room temper-
ature in 5% (w/v) milk powder in Tris-buﬀered saline (137 mM NaCl,
2.68 mM KCl and 25 mM Tris, pH adjusted to 7.4 with HCl) that con-
tained 0.1% (v/v) Tween-20 (TBS-T) and then for a further 1 h at room
temperature with 5% (w/v) milk powder in TBS-T containing antibod-
ies. Monoclonal antibodies to Sauromatum guttatum AOX [25] were
diluted to 1:500. Following a wash in TBS-T, the ﬁlters were incubated
for an additional hour at room temperature in 5% (w/v) milk powder
in TBS-T that contained anti-mouse secondary antibodies (1:2000 dilu-
tion) conjugated to horseradish peroxidase. The ﬁlters were washed
again with TBS-T and cross-reacted antibodies were detected using
the SuperSignal West Femto Maximum Sensitivity Substrate (Pierce
Inc., Perbio Science, UK) with a digital image analyzer (Light-Capture
AE6955, Atto Inc., Tokyo, Japan).
For total extracts from the thermogenic ﬂorets, the tissue was pow-
dered in liquid N2. This sample powder was suspended in a solution
containing 62.5 mM Tris–HCl, pH 6.8, 2% (w/v) SDS, 10% glycerol
at 95 C for 5 min, and centrifuged (16000 · g for 30 min) following
the removal of polyphenolics, tannins and other interfering substances
using the Plant Total Protein Extraction Kit (Sigma, MO, USA). The
resulting supernatants were then used for immunoblotting analysis.
2.6. Mitochondrial respiration measurements
Oxygen uptake by mitochondria (0.1–0.25 mg of protein in a ﬁnal
volume of 1.2 mL) was measured using a Clark-type electrode cuvette
(Oxy1, Hansatech Instrument Inc., Norfolk, UK) at 25 C in a reac-
tion medium containing 0.3 M sucrose, 5 mM KH2PO4, 10 mM KCl,
1 mM MgCl2, 0.1% (w/v) defatted BSA, and 20 mM MOPS/KOH,
pH 7.2. Other additions are described in Tables 1 and 2. The O2 con-
centration in air-saturated H2O at 25 C was estimated at 240 lM in
each experiment.
2.7. Treatment of mitochondria with DTT and diamide
Percoll-puriﬁed mitochondria were treated either with dithiothreitol
(DTT) or diamide by the addition of these reagents to an aliquot of
mitochondria at a ﬁnal concentration of 3 and 20 mM, respectively.
Dimethyl sulfoxide (DMSO) was added to the puriﬁed mitochondria
to give the ﬁnal concentration as in the DTT- or diamide-treated ali-
quot as a control. For incubations in which DTT treatment followed
diamide treatment, DTT (ﬁnal 20 mM) was added directly to the dia-
mide-treated mitochondria without washing, followed by incubation
for 1 h on ice. Fresh DTT and diamide stocks were made on the day
of the experiment in each case.
2.8. Production of submitochondrial particles
Frozen mitochondria were thawed and diluted with a high salt med-
ium containing 0.4 M sucrose, 5 mM MES, and 20 mM MgCl2 (pH
6.0). The suspension was then sonicated ﬁve times for 5 s each (ampli-
tude 38%) at 4 C with a vibra cell VCX500 (Sonics & Materials, Inc.,
CT, USA). The sonicated mitochondria were then diluted 10-fold in
the high salt medium, and both intact mitochondria and large mem-
brane fragments were pelleted at 48400 · g for 10 min and discarded.
The supernatant was then centrifuged again at 105000 · g for
Table 2
Eﬀects of mono-, di-, and tri-carboxylic organic acids on NADH
oxidation via AOX in mitochondria from stigma stage of thermogenic
spadices of skunk cabbage
Organic acids Relative AOX activity
Without organic acids 1.00
Mono-carboxylic acids
Pyruvate 2.07 ± 0.05
Pyruvate* 1.87 ± 0.14
Lactate 1.02 ± 0.01
PEP 1.19 ± 0.01
Propionate 0.99 ± 0.02
Acetate 0.97 ± 0.04
Gly 1.05 ± 0.05
Ala 1.03 ± 0.04
Crotonate 0.91 ± 0.01
Acrylate 0.96 ± 0.01
Acetoacetate 0.71 ± 0.02
Di-carboxylic acids
a-Ketoglutarate 1.49 ± 0.05
a-Ketoglutarate* 1.10 ± 0.00
Succinate 1.22 ± 0.04
Malonate 0.98 ± 0.01
Fumarate 1.19 ± 0.00
Oxalate 0.90 ± 0.01
Tartrate 1.01 ± 0.01
L-Malate 1.04 ± 0.02
D-Malate 0.94 ± 0.03
Tri-carboxylic acids
Citrate 0.86 ± 0.00
Isocitrate 0.89 ± 0.01
AOX activity was measured as myxothiazol-insensitive (5 lM) and n-
propyl gallate-sensitive (50 lM) oxygen consumption in the presence
of NADH (1 mM) in a standard reaction medium (pH 7.2). Changes of
the AOX activity was assayed by adding each organic acid (10 mM)
after a steady rate in the presence of myxothiazol. Eﬀects of pyruvate
and a-ketoglutarate were also assayed at the ﬁnal concentrations of
1 mM, which are indicated by asterisks. Changes of the AOX activates
were expressed as a relative value to that of without organic acids. The
data are the mean ± S.D. of three assays using mitochondria from the
























Fig. 1. Expression analysis of SrAOX transcripts from both thermo-
genic and post-thermogenic skunk cabbage samples. Five microgram
aliquots of total RNA extracted from the leaf, spathe, spadix and root
tissues of this plant were resolved on formaldehyde gels, blotted onto a
nylon ﬁlter, and hybridized with a labeled cDNA probe for SrAOX.
The rRNA band intensities in the ethidium bromide-stained gels are
shown as a loading control in the lower panel. Typical results are
shown, representing three independent Northern analyses with sepa-
rate RNA preparations.
5854 Y. Onda et al. / FEBS Letters 581 (2007) 5852–585860 min, and the pellet containing the inside-out submitochondrial par-
ticles (IO-SMPs) was resuspended in incubation medium for respira-
tion measurements. The percentage of IO-SMPs was deﬁned as being
equal to the percentage of latent cytochrome c oxidase using a Cyto-
chrome c Oxidase Assay Kit (Sigma). The yield of IO-SMPs for respi-
ration analysis was found to be 88.2%.3. Results and discussion
3.1. Expression patterns of the SrAOX transcripts
RT-PCR based cloning of the AOX cDNA from skunk cab-
bage (SrAOX) was performed using total RNA extracts from
stigma stage thermogenic spadices. The full-length cDNA of
this gene was subsequently isolated and found to encode a ma-
ture protein with a predicted molecular mass of 32.5 kDa
(DDBJ Accession No. AB183695). The following amino acids,
which are highly conserved among plant AOX proteins, were
also found to be conserved in SrAOX: (1) a cysteine residue
that is proximal to the N-terminus (termed CysI; [26]) and is
predicted to be involved in the redox regulation of AOX activ-
ity [13] and in the stimulation response to a-keto acids [27];
and (2) two glutamate and histidine residue pairs that are puta-tive iron-binding motifs [28]. Moreover, by Southern analysis
we observed that the skunk cabbage genome contains at least
two SrAOX-related genes (data not shown).
Since it has been shown that heat production in the skunk
cabbage occurs only in the stigma and early male stages of
the spadices [2], and not in either the spathe or leaf [3], it
was of interest to determine whether SrAOX is speciﬁcally ex-
pressed in the thermogenic spadix. Therefore, we examined the
expression of this gene at the organ level in leaf, spathe, spadix
and root tissues, during stigma and late male stages, which are
thermogenic and post-thermogenic, respectively. The expres-
sion of SrAOX transcripts was found to be entirely speciﬁc
to the thermogenic spadix (Fig. 1). These results suggest that
SrAOX is involved in both tissue- and stage-speciﬁc heat pro-
duction in the skunk cabbage.
3.2. Alternative respiration of mitochondrial isolates from
thermogenic ﬂorets
We previously identiﬁed the ﬂorets as the thermogenic tis-
sues in the spadix of the skunk cabbage (Onda et al., unpub-
lished data) and speculated that if SrAOX indeed directs
spadix-speciﬁc heat production, the mitochondrial isolates
from the thermogenic ﬂorets would show high SrAOX capac-
ity. Respiratory analyses were conducted with fresh mitochon-
drial isolates from thermogenic ﬂorets using a Clark-type
oxygen electrode. As indicated in Table 1, 1 mM NADH was
added as a substrate to induce respiration and the subsequent
addition of 0.5 mM ADP resulted in a state 2–state 3 transi-
tion. After a steady rate was obtained in these isolates,
0.5 mM KCN was added to inhibit the cytochrome respiratory
pathway. Cyanide only inhibited oxygen consumption within
the range of 14–24% among three diﬀerent mitochondrial
preparations (Table 1), and the subsequent addition of
100 lM n-propyl gallate, an inhibitor of the AOX [29], almost
completely stopped oxygen consumption. In contrast, it has
been shown that the oxygen consumption of mitochondria iso-
lated from non-thermogenic soybean cotyledons and old roots
is severely inhibited by 81% and 96%, respectively, upon treat-
ment with cyanide [15]. These results suggest that there are
substantial diﬀerences in the AOX capacities of thermogenic
and non-thermogenic plants and that the SrAOX protein plays
Y. Onda et al. / FEBS Letters 581 (2007) 5852–5858 5855a substantial role in thermoregulation in the ﬂorets of skunk
cabbage.
Previously, it has been shown that pyruvate is the most eﬀec-
tive a-keto acid activator of the soybean AOX protein [17]. To
further investigate the involvement of a-keto acids in the acti-
vation of SrAOX, we examined the eﬀects of several organic
acids upon SrAOX regulation in puriﬁed mitochondria from
thermogenic ﬂorets of the skunk cabbage by measuring their
levels of myxothiazol-insensitive NADH oxidation. The oxy-
gen consumption rate of the control (buﬀer only added) was
assigned a value of 1.00, and this was compared with the val-
ues obtained following the addition of various organic acids
(Table 2). It was apparent that the SrAOX activity was mainly
activated by pyruvate and a-ketoglutarate at 10 mM. How-
ever, only pyruvate could activate SrAOX at lower concentra-
tions (1 mM) within the range of 1.9–2.1.
3.3. Eﬀects of DTT and diamide on the SrAOX protein in
puriﬁed mitochondria
The SrAOX protein was detected in puriﬁed mitochondria
from thermogenic ﬂorets using AOA monoclonal antibodies
[25] (Fig. 2). One of the regulatory mechanisms that controls
AOX activity is based upon the fact that AOX exists as a
homodimer, in which the subunits are linked in a reversible
manner by a disulﬁde bond [13,14,30]. To clarify whether the
SrAOX protein could also be linked in a reversible manner
by disulﬁde bonding, mitochondrial isolates from thermogenic
ﬂorets were treated either with DTT, diamide or both
(Fig. 2A). In untreated mitochondrial isolates and those trea-

















































Fig. 2. (A) Western blotting analysis of the interconversion between
the reduced and oxidized forms of the SrAOX protein by DTT and
diamide. Puriﬁed mitochondria were treated on ice with 20 mM DTT,
3 mM diamide, or with both reagents sequentially. An immunoblot
from a 12.5% non-reducing SDS–PAGE gel probed with the AOA
monoclonal antibody is shown. Ten micrograms of mitochondria were
prepared without reducing agents in the sample buﬀer. Mitochondria
were then either untreated (mitochondria), or treated with a DMSO
control (DMSO), with 20 mM of DTT (DTT), with 3 mM diamide
(diamide), or with 3 mM diamide followed by 20mM DTT (diami-
de + DTT) as indicated. (B) Western analysis of the SrAOX proteins
extracted from fresh frozen thermogenic ﬂorets. An aliquot of whole
tissue extracts was prepared, resolved on a 12.5% non-reducing SDS–
PAGE gel and probed with the AOA monoclonal antibody. The
positions of the molecular weight standards are indicated on the left of
each panel. OX., the oxidized, disulﬁde linked form of the SrAOX
protein; Red., the reduced form of the SrAOX protein. Typical results
are shown, representing three independent Western analyses with
separate mitochondrial preparations.found to exist as a reduced form, with only weak signals evi-
dent that corresponded to an oxidized dimer (Fig. 2A). How-
ever, when the mitochondria were incubated with DTT, these
low levels of oxidized species were almost completely con-
verted to a reduced form. Treatment of mitochondria with dia-
mide resulted in the partial oxidation of the SrAOX protein
pool but not all of the reduced species were converted to their
oxidized counterparts. Consequently, the treatment of mito-
chondria with diamide followed by DTT resulted in the oxi-
dized form of SrAOX being almost totally converted to its
reduced counterpart (Fig. 2A).
In our experiments, an ascending concentration series of dia-
mide (5–250 mM) indicated that the levels of reduced AOX re-
mained almost equivalent, even when mitochondria were
treated with higher concentrations of this compound (data
not shown). Because our mitochondrial preparations from
thermogenic ﬂorets were puriﬁed in the presence of 2 mM
pyruvate, we assumed that this was caused by the protective ef-
fects of pyruvate against the oxidation of the AOX regulatory
sulfhydryl/disulﬁde system [13,31,32]. To further determine the
oxidation/reduction status of SrAOX protein, we conducted
additional experiments using mitochondrial isolates puriﬁed
with buﬀers in which pyruvate was omitted. Our data again
showed that a large proportion of the SrAOX protein was
not oxidized by diamide (data not shown). These results sug-
gest that transcripts for another AOX isoform that lacks cys-
teine residues, as shown in maize [33] and tomato [34], are
relatively abundantly expressed in the thermogenic spadix.
Nevertheless, because no other cDNA species except for
SrAOX were identiﬁed either in our cloning procedures or
via 3 0-RACE ampliﬁcations using primers that recognize con-
served amino acid sequences (see Section 2), it seems unlikely
that another AOX species which is resistant to oxidation by
diamide could be present at appreciable levels in our mito-
chondrial isolates. Although the causal mechanism underlying
this phenomenon remains to be determined, it is probable that
there could be some diﬀerent type of AOX organization in the
inner membrane of the mitochondrial isolates. Alternatively, it
seems possible that a part of the CysI residues of the reduced
SrAOX dimer had interacted with pyruvate in vivo to form
thiohemiacetal [17,27,31,32], which would prevent the oxida-
tion of SrAOX protein even in buﬀers in which pyruvate was
excluded.
It has been shown that plant AOXs including SgAOX from
thermogenic tissue of S. guttatum exist as a reduced dimer [35–
37]. To determine the reduction state of the SrAOX protein
in vivo, an extract directly prepared from frozen powdered
thermogenic ﬂorets was analyzed by immunoblotting using
non-reducing SDS–PAGE (Fig. 2B). One prominent band at
around 32 kDa corresponding to a reduced dimer of this pro-
tein was detected, but no bands corresponding to the oxidized
form were evident. These data clearly indicate that the SrAOX
protein also exists as a non-covalently associated dimer
in vivo.3.4. Eﬀects of pyruvate on the SrAOX protein in IO-SMPs
In general, the eﬀects of pyruvate on AOX are determined
by its addition to intact mitochondria. However, it has been
shown that the external pyruvate concentration may not be
representative of its levels inside the mitochondria [17]. In-
side-out submitochondrial particles (IO-SMPs) are therefore
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Fig. 3. Eﬀects of pyruvate and a-ketoglutarate on NADH oxidation
via SrAOX in skunk cabbage IO-SMPs. Alternative pathway respira-
tion was measured as the oxygen consumption levels in the presence of
0.5 mM KCN under diﬀerent concentrations of pyruvate or a-
ketoglutarate (0–5 mM). 1 mM NADH was used as the substrate for
oxidation. Typical results are shown, representing three independent
respiration assays with separate mitochondrial preparations.
Fig. 4. Alignment of the deduced amino acid sequences of pyruvate-
activated AOX sequences (group 1), S122-containing LeAOX1b
(group 2), a constitutively active SgAOX (group 3a), and DvAOX
from thermogenic D. vulgaris (group 3b). Residues that are potentially
involved in the regulation of AOX activity are shaded in black and are
divided into four distinct regions (boxed) [38]. Hydroxyl-containing
amino acids in regions 1–3 of the group 2 sequences are shaded gray
[38]. Numbers shown below the sequences indicate the positions of the
amino acid sequences of S. renifolius AOX (SrAOX). Asterisks
indicate the positions of CysI and CysII [26] in SrAOX. Thermogenic
plants are indicated by red circles. Amino acid residues indicated by
red letters are unique to the skunk cabbage. S. renifolius AOX
(SrAOX; NCBI accession number BAD83866.1), A thaliana AOX1a
(AtAOX1a; Q39219), S. tuberosum AOX (StAOX; 2208475A), N.
tabacum AOX1 (NtAOX1; AAC60576.1), G. max AOX3 (GmAOX3;
AAB97286.1), L. esculentum AOX1a (LeAOX1a; AAK58482.1), L.
esculentum AOX1b (LeAOX1b; AAK58483.1), S. guttatum AOX
(SgAOX; P22185), D. vulgaris AOX (DvAOX; BAD51465.1).
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dent eﬀects of pyruvate on AOX stimulation, as they react with
this metabolite directly at the AOX binding site. IO-SMPs
were prepared from frozen mitochondria puriﬁed from ther-
mogenic ﬂorets and were incubated in reaction medium in
the presence of 0.5 mM KCN for the measurement of alterna-
tive pathway respiration (Fig. 3). Although alternative path-
way respiration was not signiﬁcantly aﬀected by increasing
concentrations of a-ketoglutarate, increasing concentrations
of pyruvate signiﬁcantly enhanced this respiratory process
whereby a half-maximal activity was reached at approximately
50 lM. These results further indicate that pyruvate is the most
eﬀective and direct activator of the non-covalently associated
dimer of SrAOX present in the mitochondria of these thermo-
genic ﬂorets.
3.5. Functional dissection of the amino acid sequence of the
SrAOX protein
Previously, Crichton and coworkers have shown that S.
guttatum SgAOX is constitutively active in the absence of
pyruvate [38]. Moreover, seven residues at seven separate posi-
tions have been identiﬁed (Fig. 4, shaded black), which can be
grouped into four distinct regions within the AOX primary
structure (Fig. 4, region 1–4) [38]. By aligning and dissecting
the amino acid sequence of SrAOX, the pyruvate-activated
AOXs (group 1) [31,34,39–41], succinate-activated (but not
pyruvate) Ser-122 containing LeAOX1b (group 2) [34], and a
constitutively active SgAOX (group 3) [38] (Fig. 4), we have
found that SrAOX is likely to fall into the pyruvate-activated
AOX group (group 1) rather than the constitutively active
AOX-like SgAOX (group 3). This supports our current exper-
imental observations. Interestingly, DvAOX from thermogenic
Dracunculus vulgaris [22] harbors a single cysteine substitution
with serine in region 3 (Fig. 4). Because this cysteine residue in
region 3 seems to be important in conferring constitutive activ-ity to SgAOX [38], the members of group 3 are likely to fall
into at least two sub-groups (i.e. group 3a and 3b) depending
upon their constitutive activities and/or responsiveness to a-
keto acids, although further experimental evidence in the case
of DvAOX will be needed to clarify this.
The skunk cabbage shows homeothermic regulation during
ﬂowering whereas thermogenesis in both S. guttatum and D.
vulgaris seems to be transient and the temperatures of these
plants are not regulated. In this respect, it should be noted that
there are three amino acid residues which are speciﬁc to
SrAOX (shown in red in Fig. 4). Moreover, no pyruvate-acti-
vated AOXs harboring these amino acid sequences were found
in non-thermogenic plants listed in Fig. 4. Intriguingly, there
were no plant AOXs that possess a histidine residue in region
1 in our database search in the National Center for Biotechnol-
ogy Information (NCBI). Therefore, it will thus be of great
interest to determine in future studies whether these amino
acids, including histidine residue in region 1, are involved in
pyruvate-mediated homeothermic regulation in the spadix of
the skunk cabbage, which is a phenomenon that appears to
be unique to this plant.
3.6. Conclusions
Our results suggest that the SrAOX gene identiﬁed in the
present study plays a substantial role in both tissue- and
stage-speciﬁc heat production in the skunk cabbage. More-
over, our data demonstrate that SrAOX can potentially exist
as either a reduced or an oxidized dimer in a reversible manner
in vitro via the formation of disulﬁde bonds. In contrast, the
SrAOX protein exists almost exclusively in its non-covalently
Y. Onda et al. / FEBS Letters 581 (2007) 5852–5858 5857associated dimer in the thermogenic tissues of skunk cabbage
in vivo. Among the various organic acids that we tested in
our present experiments, including some a-keto acids, only
pyruvate was found to stimulate SrAOX activity at lower con-
centrations. Accordingly, we conclude that the SrAOX protein
exists as a non-covalently associated dimer and is primarily
activated by pyruvate during thermoregulation in the skunk
cabbage.
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